Mechanical and thermal behaviors of nitrogen-doped Zr-Cu-Al-Ag-Ta--An alternative class of thin film metallic glass Appl. Phys. Lett. 101, 181902 (2012) Structural homogeneity of nanocrystalline VT1-0 titanium. Low-temperature micromechanical properties Low Temp. Phys. 38, 980 (2012) Influence of carbon content and nitrogen vacancies on the bonding structure and mechanical performance of graphite-like BCxN thin films J. Appl. Phys. 112, 063525 (2012) Hardness, yield strength, and plastic flow in thin film metallic-glass J. Appl. Phys. 112, 053516 (2012) Additional information on AIP Conf. Proc. Abstract. Due to strain hardening of the material, the hardness of cold forged parts is considerably improved. It is well known that the hardness of cold forged parts is closely related to its deformation, and that this relation is not dependent on the deformation process. The effective strain defines the local deformation, and can be determined in simulation of the cold forming process. In order to reach the required or to set specific hardness distribution with cold forging without any heat treatment processes, it is necessary to find out which manufacturing parameters influence the effective strain, and determine the effects of these parameters. The research work covered in this paper investigates the influence of the die geometry (as manufacturing parameter) on the effective strain. For that, a full forward extrusion process was modeled using the FE-software Simufact.Forming and three parameters of the die geometry, namely the deformation ratio, the shoulder radius and the opening angle were varied. The maximum effective strain from each combination is determined, and the effects of each considered parameter as well as the effects of interactions between these factors are checked.
INTRODUCTION
During cold forging processes the hardness of the components is considerably improved due to strain hardening of the material. Hardness as a measure of material's resistance to wear and permanent deformation is an important quality parameter for cold forged parts. Through estimating the hardness distribution, it is possible before manufacturing the components to predict whether the end product will have the desired hardness levels or require a final heat treatment [1] . The estimation of the hardness distribution can also facilitate the decision to complete the process in one or many stages with intermediary heat treatments. Knowing that hardness increases with increased amount of deformation, many studies showed in the past that hardness in a cold forged part is strongly related to effective strain [2] [3] [4] [5] [6] . It is also mentioned that this relation is not dependent on the deformation process [7] . That means, the same relation is expected both in a forward extrusion as in a backward extrusion. In this way, it is possible to predict the hardness distribution in cold forged parts if the relation between the hardness and the effective strain of the material and the effective strain distribution in the manufactured part are known [8] .
Nowadays, the design of cold forging processes takes place primarily through the application of numerical process simulation using the finite element method. It is possible to determine the characteristic component properties such as the effective strain distribution of the components with high local resolution [9] . Knowing the relation between the hardness and the effective strain of the material, it is possible to reach the required or to set specific components' hardness distribution during the process simulation without any heat or post treatment processes. In order to optimize the hardness distribution in cold forged parts, it is crucial to find out how the effective strain can be influenced. In this paper the tool geometry was selected as influencing factor on the effective strain. It is well known that, in extrusion, geometric parameters like the extrusion ratio, which is defined as the cross-sectional area of the billet divided by the cross-sectional area of the extruded part, have a considerable impact on the punch force [10] . The punch force itself affects the yield strain and thus the strain distribution. To enable the investigation of this influence, a full forward extrusion process was modeled using the FE-software Simufact.Forming. Within a 2 k -full factorial experimental design, the tool geometry was varied, and for each geometry variation the maximum effective strain in the extruded part was locally determined. Afterwards, the effects of the tool geometry parameters and the interactions between them were determined. Figure 1 shows the die geometry for full forward extrusion. During the extrusion process plastic deformations occur mainly in the die shoulder, which is the transition area between both die diameters. For this reason, only the geometrical parameters of this area were selected, namely the diameters d 0 and d, the shoulder radius r and the opening angle 2α. According to Eq. 1, both die diameters were substituted through the deformation ratio φ. The deformation ratio is a global dimension for extrusion processes, and is defined as a relation between the cross-sectional area of the billet A 0 and the cross-sectional area of the extruded component A. The deformation ratio φ must be distinguished from the effective strain φ v , which characterizes the local deformation in the part. In order to avoid tool failure, it is recommanded for full forward extrusion processes not to exceed a value of 1.6 for the deformation ratio [10] .
PROCESS SIMULATION

Variation of the Die Geometry
Together with the deformation ratio the opening angle influences the process force. Due to the deviation of the material flow in the die shoulder, the maximum process force grows usually with an increasing opening angle [10] . Knowing that the process force depends on the workpiece deformation, the deformation ratio as well as the opening angle have been selected for the geometry variation. Prior to this paper, many experiments were carried out to find out the influence of the shoulder radius on the process force. For that, the deformation ratio and the opening angle were kept constant at 1.4 and 90° respectively. These experiments showed that the maximum process force increases by 7% by reducing the shoulder radius from 1 mm to 0.5 mm (see Figure 2) . Hence, the shoulder radius had to be selected for the geometry variation. Figure 3 shows the simulation model with the contact bodies, namely the billet, the die, two reinforcement rings and the punch. The billet is enclosed by the die, and the temperature of the two contact bodies is 20° C. The punch is moving to the billet with a speed of 10 mm/s. The extruded material is flowing into the die. The interference fit assembly has a conical joint with an angle of inclination of 1°. In order to avoid plastic deformations in the die, two reinforcement rings are required. To avoid cold-welding in the interference fit assembly, the high speed steel 1.3343 has been selected for the die, and the hot work tool steel 1.2343 for the reinforcement rings. The billet is the only plastic deformable body, and for the simulation the annealed steel 1.0501 (C35) has been selected. The friction factor m between the billet and the die was set at 0.04, which is standard for full forward extrusion [10] . In order to reduce the computing effort needed for this investigation, a 2D-axialsymmetric FE analysis has been preferred. The initial FE mesh of the billet includes 400 elements. During the simulation of cold forging processes the initial FE mesh becomes progressively distorted because of plastic deformation. An excessive element distortion could avoid the solution convergence, and stop the simulation. In order to surmount this problem, an adaptive remeshing function is included in Simufact.Forming. To avoid any element distortion in the shoulder die and particularly near the shoulder radius, the adaptive remeshing criterion advancing front quad has been selected. In contrast to the overlay remeshing, where all elements have the same length, this remeshing method varies the element length automatically, and refines the mesh where high element distortions occur. For the simulation model the element length varies between 0.05 and 0.3 mm, and more than 2000 elements were used for the billet.
Constitution of the Simulation Model
RESULTS AND DISCUSSION
In order to enable the identification of effects and the occurring interactions between the parameters of the die geometry, 8 parameter combinations have been investigated. The analysis of the maximum effective strain for every single parameter combination allows the calculation of every effect and parameter interaction, according to the 2 3- full factorial process layout using the design of experiments (DoE). The limits of the three selected parameters are listed in Table 1 . The maximum effective strains resulting from the variation of the die geometry are displayed in Figure 4 . The left points correspond to φ = 0.36, and the right points correspond to φ = 1.38. Points resulting from the angle 90° are connected with dashed lines, and the others points correspond to the angle 60°. The connection lines indicate the trend due to the variation of the deformation ratio, and do not represent any relation between the deformation ratio and the maximum effective strain. The red color is attributed to the radius 0.5 mm, and the blue color to the radius 1 mm. The first impression from the figure 4 is that the maximum effective strain is considerably increasing with the deformation ratio. As expected from Eq. 1, the smaller the die inner diameter d is, the higher is the component deformation and thus the maximum effective strain. Considering the parameter combination 2α = 60° and r = 0.5 mm, the increase of the deformation ratio from 0.36 to 1.38 yields a maximum effective strain raise of about 1.1. As expected, due to the material flow deviation, the values at the angle 60° are generally smaller than at the angle 90°. However, the influence of the angle decreases with increasing deformation ratios. Considering for example the radius 0.5 mm, the difference between the maximum effective strain of both angles decreases from 0.43 at φ = 0.36 to 0.06 at φ = 1.38. For each combination of deformation ratio and opening angle the maximum effective strain at the radius 0.5 mm is generally higher than at the radius 1 mm. Only at φ = 0.36 and 2α = 60° is no difference detectable between both radii. The results on figure 4 show that the effective strain distribution can be set through variation of the die geometry. confirmed again that the effective strain increases with the deformation ratio. The shoulder radius at φ = 0.36 and 2α = 90° is considered on figure 5 .b. The decrease of the radius from 1 mm to 0.5 mm yields an effective strain raise of 0.1 near the radius. Furthermore, the strain distribution is less homogeneous at the radius 0.5 mm than at the radius 1 mm. Figure 5 .c shows different strain distributions between both angles at φ = 1.38 and r = 1mm. The effective strain distribution extends over 5 graduations at 90° from 1.40 to 1.90. However, only 3 graduations are displayed at 60°. Thus, the strain distribution becomes less homogeneous with increasing opening angles.
It can be stated from figures 4 and 5 that die geometry combinations with high deformation ratios, large opening angles and small shoulder radii are recommended to reach high effective strains in cold forged parts. Concerning the variation of the radius, the increase of the strain was observed near the radius, at the exit of the die shoulder, and cannot be transmitted to the rest of the part. In addition of that, the strain distribution becomes less homogeneous through increasing the opening angle. The influence of the die geometry on the maximum effective strain and on the strain distribution has already been established. Now, it is necessary to quantify the effects of the three parameters and the interactions between them. These effects are shown in Table 2 , calculated on basis of the DoE formalism [11] . An effect is per definition the difference of the response, in this case the change of the maximum effective strain, when changing the particular parameter from the low setting to the high setting (see Table 1 ). A negative change indicates that the parameter shift from the low to the high setting will result in a decreasing maximum effective strain. For the calculation of the effects each parameter is divided in two categories: the lower parameter limit takes the factor (-), and the upper parameter limit takes the factor (+). For each geometry combination the maximum effective strain y i is multiplied by the factor of the considered parameter limit. To determine the effect of the parameter, all the multiplied values are summed and averaged. The interactions are also determined on the same way. To find the factor of the interaction, the factors of each combined parameter are multiplied together. The largest impact on the maximum effective strain is caused by the deformation ratio φ and the opening angle. However, the effect of the deformation ratio, which is relatively dominant, is 5 times larger than the effect of the opening angle and even 13 times as the effect of the radius. The parameter interactions are rather weak (-0.03 for the interaction between φ and r) or not remarkable (0.01 for the interaction between 2α and r). Due to the discretisation of the model, some numerical errors may occur during the FE-simulation but the repeatability of the estimation of the strain using the same remeshing function is ensured. It is not possible to make a statement about the significance level of the determined effects and interactions because the results do not have any statistical spread. This analysis allows weighting the different parameters and thus to classify the parameters according to their importance.
CONCLUSION
The results from the investigation show clearly that in full forward extrusion high deformation ratios combined with large angles and small radii tend to high effective strains in the part. Without statistical spread of the results it is not possible to make a statement about the significance of the parameters. Thus, this study only weights the parameters. The deformation ratio has the largest effect among the three parameters. Due to the deviation of the flow lines at the beginning as well as at the end of the die shoulder, large opening angles and small radii tend to increase the process force. The research work covered in this paper shows also that at small radii and large angles the strain distribution becomes less homogeneous: the effective strain increases near the shoulder radius and the strain distribution extends over more graduation levels. Hence, the process should be designed accordingly, depending on which quality criterion is required for the part: either more effective strain and thus more hardness, or more homogeneity of the strain distribution. This study shows that it is possible to set the effective strain with changing the die geometry. In order to manufacture load-adjusted components, the next step would be to determine the influence of the effective strain on the component's strength.
